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Abstract. In this study, nickel aluminium bronze alloys (NAB) with appreciable densification and improved
microhardness was consolidated via spark plasma sintering technique. The NAB alloy was synthesized from
starting elemental powders comprised nickel (4wt.%), aluminium (6, 8 & 10wt.%) and copper using dry milling
technique. Starting powders were homogeneously milled using gentle ball mill for 8 h at a speed of 150 rpm and a
BPR of 10:1. Subsequently, the milled powders were consolidated using the spark plasma sintering technique at
750 °C under a compressive pressure of 50MPa and rate of heating (100 °C/min). Furthermore, the powders and
sintered alloys were characterized using SEM and XRD to ascertain the microstructural and phase evolutions
during the synthesis of the NAB. The density and microhardness of the alloys were further investigated to
ascertain the integrity of the sintered alloys. The results indicated that the increase in aluminium content
resulted in the formation of intermetallic and beta phases on the alloy after sintering and the microhardness of
the alloys improved with the increase in aluminium content.
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Nickel aluminium bronze alloys (NAB) are extensively
desirable for oil and gas as well as marine applications
especially for the production of pumps, impellers, pipes
owing to its outstanding strength and degradation
resistance in turbulence corrosive environments [1,2].
The NAB alloys have complex composition and micro-
structures that requires appropriate manufacturing tech-
nique and heat treatment to unveil its unique properties [3].
Basically, this alloy usually contains aluminium (6–13wt.%),
nickel (Ni) up to 7wt.% and copper (Cu). In some cases, iron
can be added up to 7wt.% to the alloy to refine the grain
structures and improve the tensile strength, whilemanganese
up to 1.5wt.% is added as a deoxidizing agent and
strengthening elements [3,4]. The presence of aluminium
(Al) in the alloy promotes the strength and corrosion
resistancewhile nickel stabilizes themicrostructures, increase
the strength and corrosion resistance.
The complex as-cast NAB microstructure is usually
made up of coarse grains with Widmanstätten alpha (a)koromo@gmail.com
penAccess article distributed under the terms of the CreativeCom
which permits unrestricted use, distribution, and reproductionphases, trapped beta (b) phases and kappa (к) phases
which is usually formed as precipitates resulting from the
presence of the various alloying elements [5]. The
conventional casting techniques used in the fabrication
of NAB results in the formation of segregated coarse grains
with micropores, which significantly affects the mechanical
properties of the alloy [6,7]. In addition, the formation of
(к) precipitates in the as-cast alloy adversely affect the
corrosion resistance, mechanical properties and wear
behaviours of the alloy [8,9]. Therefore, the formation of
micropores alongside the segregated coarse grain structures
in as-cast NAB have limited their widespread applications
in structural engineering components.
In recent times, the synthesis of advanced materials
using the powder metallurgy (PM) route has proven
effective especially during the production of materials with
complex microstructures [10,11]. The PM route has
advantages over conventional casting techniques for
producing materials with uniform microstructures and
less segregated grains, which result in improved material
properties. Spark plasma sintering (SPS) is an innovative
manufacturing and efficient method used for fabricating
materials with complex microstructures. The SPS tech-
nique has been extensively employed to fabricate variousmonsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
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polymers [12]. This technique uses pulse direct current
alongside compressive pressure to rapidly consolidate
materials without allowing significant grain growth.
In addition, the SPS technique is highly desirable over
other conventional fabrication technique, because it can be
utilized to consolidate materials to achieve higher
densification within a short period at a lower temperature.
In a bid to synthesis NAB alloy with improved
densification and microhardness, the SPS technique
was employed in this study to fabricate NAB with
varying concentration of aluminium and the influence of
aluminium content on the density and microhardness was
investigated.
2 Materials and method
Nickel aluminium bronze powders were produced from the
individual elemental powder components (Cu, Ni and Al).
The Cu powders used has spherical particles with average
sizes of ∼85.7mm. Similarly, the Ni and Al powders
comprise spherical particles with average sizes of∼29.5 and
∼15.4mm respectively. In order to form a homogenous
NAB powder, the elemental powders were dry milled in a
gentle ball mill (Retch PM 100) for 8 h at a speed of 150
revolutions per minute using a BPR of 10:1. Alumina balls
of 5mm diameter were utilized as the milling media to
achieve the uniformity of the milled powders. The milled
powders were produced with aluminium (6, 8 and 10wt.%),
nickel (4wt.%) and copper. Thereafter, the influence of the
various aluminium content in the NAB alloy was evaluated








NAB1 6 4 90
NAB2 8 4 88
NAB3 10 4 86
Fig. 1. SEM results of the as-received elemental poSubsequently, the milled powders were cold compacted
to achieve green strength in a Ø20mm diameter graphite
die at a load of 10 KN and then fabricated using the SPS
(model HHPD-25, FCT GmbH Germany) technique. The
10 KN load was used to cold compact the mixed and
starting powders to achieve green strength and aid good
conductivity between the powders and the graphite die
before it is transferred to the SPS sintering chamber. The
fabricated samples have a thickness of 5mm and it was
fabricated using the following sintering parameters;
50MPa, 5min, 100 °C/min and 750 °C. The composition
of the NAB alloys is presented in Table 1.
Thereafter, the sintered NAB alloys were sandblasted
to remove impurities and the relative densities were
measured in agreement with ASTM B962 [13]. This was
accompanied by metallographic studies to reveal the
microstructural features of the alloy under an optical
microscope and SEM. Also, the starting elemental/milled
powders and the developed NAB alloys were probed using
FESEM). X-ray diffractometer (XRD, Rigaku D/max-rB)
was used to identify the phase evolution of the starting,
admixed powders, and the sintered alloys to understand
the phases formed during the processing and sintering of
the alloy. This was carried out by scanning the materials
with Cu-Ka (l=0.154 nm) radiation at a rate of 1 °/min
over the angular range of 0–90°. Lastly, Vickers micro-
hardness tester (FALCON 500 series) was utilized to
measure the microhardness at a load of 100 gf by indenting
the polished surfaces of the materials.3 Results and discussion
3.1 Microstructural analysis of the powders and
fabricated NAB alloys
In order to evaluate the microstructural features of the
as-received elemental powders, milled powders and the
fabricated alloys, the materials were characterized under
SEM and the results of the as-received powders are
presented in Figure 1a–c. From the SEM images in
Figure 1a–c, it was seen that the Cu, Ni and Al powders
depict spherical particles.wders (a) Copper, (b) Nickel and (c) Aluminium.
Fig. 2. SEM images of the milled NAB powders which consist of Aluminium (a) 6wt.%, (b) 8wt.%, and (c) 10wt.%.
Fig. 3. SEMmicrograph of the sintered NAB alloys which consist of Aluminium (a) 6wt.%, (b) 8wt.%, and (c) 10wt.% alongside the
accompanied EDS results to show the composition of the Nickel rich intermetallic phases formed.
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showed the morphology of the milled powders, which
consist of Al of varying concentrations (6, 8 & 10wt.%).
From the results in Figure 2, it was revealed that the
powders were homogeneously blended, which confirms the
effectiveness of the milling parameters and technique used
to mill the starting powders.
Furthermore, it was observed from Figure 2 that the Cu
particles were dominant in the powder mixtures, which
confirms the concentration of copper in the powders. It was
also revealed that the aluminium particles loss their
spherical shapes and were uniformly spread across the
copper particles after the milling process. The dispersive
features of the aluminium in the powder mixture can be
attributed to the higher surface area and its malleable
nature.
The SEM micrographs of the sintered NAB alloys are
shown in Figure 3a–c. From the micrographs whichshowed the morphology of the fabricated alloys, it was
revealed that there was the formation of nickel rich
intermetallic phases at the grain boundaries on the alloy
which is represented in the EDS result provided. The SEM
images showed that the increase in aluminium content up
to 10 weight percent resulted in grain refinement within
the alloy. The presence of the nickel rich intermetallic
phases in the grain boundaries and the refinement of the
grains can lead to the improvement of mechanical
properties. It has been reported in previous studies that
the presence of nickel concentrated region and grain
refinements in NAB can result in the improvement of
hardness and mechanical strength of the alloy [14,15].
Also, the increase in aluminium content above 8 percent
results in the formation of beta phases which is a much
stronger and harder phase than the alpha phase that is
usually present in NAB at less aluminium content and
lower temperature [3]. Additionally, the increase in Al
Fig. 4. XRD results of the (a) Starting powders and (b) Mixed powders.
Fig. 5. XRD results of the sintered NAB alloys.
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can assist in strengthening and improving the corrosion
resistance of the alloy [16,17].
3.2 Phase analysis of the powders and the fabricated
NAB samples
The phases of the starting elemental powders, milled
powders and the fabricated alloys were investigated to
reveal the various phases formed as a result of the milling
and consolidation process of the NAB alloy and the results
are presented in Figures 4a and 4b and 5. The XRD results
of the starting elemental powders are shown in Figure 4a
and it was revealed from the results of copper that the
prominent peaks exist at 2 theta=43.4°, 50.5°, 74.2° and91.3° which corresponds to (111), (200), (220) and (311)
planes. Similarly, the prominent peaks of nickel powder
occurred at 2 theta=44.7 °, 52.1 ° and 76.6°which coincides
with the (111), (200), and (220) planes while the XRD
pattern of the aluminium powder depicted the crystallite
peaks at 2 theta=38.5°, 44.8°, 65.2°, 78.3°, and 82.5° which
corresponds to (111), (200), (220), (311) and (222) planes.
The XRD results of the starting powders showed no traces
of other phases, which confirms the high purity of the
elemental powders.
Furthermore, the XRD results of themilled powders are
presented in Figure 4b and it was revealed that the phases
of the elemental powders (Cu, Ni, Al) were prominent. In
addition, a new phase (NiAl) was seen in the XRD results of
the mixed powders, which implies that a reaction between
Fig. 6. Relative density and microhardness of the fabricated
NAB alloys.
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Similarly, from the XRD results of the sintered NAB alloys
in Figure 5, new intermetallic phases were seen which
further corroborate the reaction of the powders during the
consolidation process.
3.3 Density and microhardness of the fabricated NAB
samples
The density of the fabricated NAB samples which explains
the densification of the alloy is shown in Figure 6. From the
density results, it was revealed that the increase in
aluminium content in the alloy reduced the relative density
of the NAB. The relative densities of the sintered alloys
were in the range of 97.99–98.45% with the NAB alloy that
consists of 6wt.% (NAB1) showing the best densification
value. The decrease in relative density resulting from the
increase in aluminium content can be ascribed to the
presence of aluminium in the metal structure of the copper
particles that restricted the full densification of the sintered
alloy [18].
Conversely, the microhardness of the fabricated NAB
alloys which is also presented in Figure 6 improved with the
increase of aluminium content in the alloy. The improve-
ment in microhardness value of the NAB alloys by the
increase in aluminium content can be ascribed to the solid
solution and grain refinement and the formation of nickel
rich intermetallic phases in the alloy structure. From all
indication, the densification of the developed NAB
decreases with the aluminium content which is indirectly
proportional to the hardness behaviour of the alloy, since
the hardness improves with the increase in aluminium
content resulting from the grain refinement, the formation
of alpha and beta phases and the intermetallic phases in the
alloy [19,20].4 Conclusion
The influence of aluminium content on the microstructure,
density and microhardness of SPSed NAB was investigat-
ed. From the investigations, it was observed that SPS is
a feasible fabrication technique for producing NAB alloysof high relative density. Also, the increase of aluminium
content in the fabricated alloys improved the microhard-
ness of the materials. However, the density declined with
the increase in aluminium content.
This study was funded by the National Research Foundation of
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